I. INTRODUCTION
Photovoltaic (PV) energy nowadays has an important role in the electricity production all around the world. Large plants produce a huge quantity of electrical energy injected into the grid and made available to users that are even many kilometers far from the plant. This application requires suitable electronics and classical control strategies, especially as far as the Maximum Power Point Tracking (MPPT) issue is concerned. Indeed, in this case all the PV modules have the same orientation towards the sun rays and the probability that a systematic shadowing effect, e.g. due to trees, buildings etc., occurs is almost zero. Indeed, these plants are built up in plane areas out of cities.
More recently, PV plants of few kilowatts have been integrated in many existing urban structures, firstly buildings, but also parking covering structures and other existing supports. In these cases some hard control problems have to be afforded in order to maximize the electrical power production at every hour of the day. Indeed, partial shading and the uneven orientation of the modules, which have to be fixed to the existing structures, give rise to mismatching effects that have to be faced through distributed MPPT control and suitable power electronics architectures. Such installations suffer from PV array mismatched operation, but the irradiance rate of variation they are subjected to depends only on the clouds speed due to wind.
Instead, when the irradiance mismatching adds to a very fast variation of the irradiance level because of moving of the support of the cells with respect to ground, the MPPT issue becomes more and more involved. This is the case of the PV application for sustainable mobility.
Some recent literature reports of advantages coming from PV cells installed on the surface of the vehicle, more in terms of energy than on power. Indeed, the daily rate of use of a private vehicle is very low, so that during the long parking hours a relevant amount of energy can be gained.
Very recently Tesla has expressed the intention of embedding PV cells into the large glass roof of its Model 3.
It is evident that the integration of cells into the car structures needs special technologies, not only for protecting the cells from crashes, but also for ensuring the maximum power production even if the cells are not only embedded into the roof, but also in side structures or, more in general, on surfaces that do not have the same orientation towards the sun rays. The MPPT operation cannot be so fast to ensure the absolute maximum power production also when the car moves at a high speed, but it has to guarantee the result when the car is parked and when it moves slowly, e.g. into the city traffic or during maneuvers.
In this paper some experimental results concerning this type of PV applications are presented. An MPPT technique, which was presented in the past for stationary applications, has been implemented for car PV installation in the frame of the H2020 project No. 653288 -OPTEMUS. It is supposed that the PV energy produced is not injected into the main vehicle battery, but into an auxiliary battery used for supplying devices and systems aimed at improving the driver comfort.
II. THE PV INSTALLATION ON THE VEHICLE AND THE MPPT APPROACH
The final target is a Fiat 500E, but the preliminary tests have been done on a different car in order to understand the feasibility of the approach.
The MPPT method used is the one proposed in [1] . It
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As it is shown in Figure 1 , three PV generators have been considered. The power produced by each one of them is processed by a dedicated boost converter. The output terminals of the converters are connected in series and, finally, to the battery. The MPPT control technique takes as the input, which is the variable that is requested to be maximized, the current injected into the battery. The control variables, which are the outputs of the MPPT algorithm, are the three duty cycle values for the three dc/dc converters. As it is shown in detail in [1] , the three duty cycle values are not changed all at one time. Instead, the first one is changed as in the classical Perturb and Observe (P&O) method, until no further increase of the battery current is achieved. Then, the first duty cycle value is frozen at its last value and the second duty cycle is changed in the way that it ensures more current in the battery. When no further variations of this second duty cycle result in current increase, also this value is frozen and the third duty cycle value is changed to the same aim. Thus the process continues cyclically. In steady operating conditions of the PV generator, the regime sequence of the duty cycle values give a path surrounding the MPP.
This technique can be improved furthermore, especially in order to improve its promptness with respect to irradiance changes [2] .
III. THE EXPERIMENTAL RESULTS
The experimental measurements have been done by using six SP50-L modules produced by Solbian. This module includes 16 SunPower mono-crystalline silicon cells, reaching a 23% conversion efficiency from sunlight into electricity and employing back-contact technology. The cells are enveloped with a patented polymer allowing the module to work in extreme conditions, with a high resistance to weather, degrading agents and heavy mechanical stresses, with the additional feature of being flexible and 80% lighter than classical PV panel, thus suitable for mobility applications.
The SP50-L module has been firstly tested in real conditions, by placing it on a horizontal surface, thus the roof of a car, and by exposing it in a sunny day for less than five hours. As it is shown in Figure 2 , the resulting energy is more than 88 Wh.
The six modules have been mounted on the roof and on the sides of a car as it is shown in Figure 3 .
A first string has been obtained by connecting in series three modules, one on the roof and one on each of the two sides, and the string terminals have been connected to the input terminals of a battery charger, feeding an auxiliary 12V battery, thus not the main battery of the vehicle. The duty-cycle of the unique battery charger is controlled by a single variable P&O MPPT algorithm (SV-MPPT). A bypass diode has been connected at the terminals of each module of this string.
Three other modules, again one on the roof and two on the opposite sides of the car, have been connected to three dedicated dc/dc converters as in Figure 1 . In this case the duty-cycle of the three dedicated dc/dc converters are controlled by the multi-variable P&O MPPT algorithm (MV-MPPT) previously described.
Both algorithms have been developed and preliminary tested in Simulink in order to select the optimal MPPT parameters, as described in [1] .
Using the Microchip MATLAB®/Simulink® device blocksets the two MPPT algorithms have been stored on the dsPIC33FJ256GP710AA microcontroller directly from Simulink, thus to have an embedded system ready to use.
Three tests have been done with the car parked and with the car slowly moving in a parking area. Waveforms in Figure 4 show that, apart from the initial transient due to the switching of the MPPT control on, the amount of current injected into the battery by using the MV-MPPT technique is more than three times greater than the one fed by the classical SV-MPPT control working on the string of series connected modules. This experiment has been conducted at an hour of the day when the sun was in front of the car, thus giving a high irradiance level to the modules on the roof and a significantly lower one to the modules on the sides. This has created multiple peaks in the classical string of series connected modules controlled by the SV-MPPT algorithm, with a consequent detrimental effect on its power production. Instead, the MV-MPPT approach avoids that the reduced production from the side modules affects the top one significantly. Figure 5 clearly shows that the MV-MPPT algorithm is able to drive the voltage of the three modules toward values that ensure the maximization of the power produced by each of the modules. Indeed, the curves show three different duty cycle values for different operating conditions of the three modules. and counterclockwise direction. The sun was inclined with respect to the ground, so that one of the lateral modules can have an increase in the power production due to a temporary better exposition with respect to the sun rays during the run. The plots show again the better performances achieved through the MV-MPPT approach with current values that are up to five times greater than those ones ensured by the SV-MPPT method.
IV. CONCLUSION
In this digest the preliminary experimental results concerning the adoption of a multi-variable MPPT technique for the control of PV modules arranged on a car are presented. The performance is encouraging if compared to the power production of a string including the three modules in series, because the bypass diodes operation has a positive effect, but not so significant as the one given by the MV-MPPT method.
Experimental results referring to the case of the car moving at low speed into a parking area show that the transient response of the MV-MPPT method can be improved by using the control technique described in [2] or by changing the topology into the one shown in [3] . The former improvement can be achieved in a easy way because it does not require a change in the circuit topology but only a re-programming of the embedded system driving the duty cycle of the dc/dc converters.
